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Four-dimensional imaging and quantification of viscous flow sintering within a 3D printed bioactive glass scaffold using synchrotron X-ray tomography a b s t r a c t Bioglass® was the first material to form a stable chemical bond with human tissue. Since its discovery, a key goal was to produce three-dimensional (3D) porous scaffolds which can host and guide tissue repair, in particular, regeneration of long bone defects resulting from trauma or disease. Producing 3D scaffolds from bioactive glasses is challenging because of crystallization events that occur while the glass particles densify at high temperatures. Bioactive glasses such as the 13e93 composition can be sintered by viscous flow sintering at temperatures above the glass transition onset (T g ) and below the crystallization temperature (T c ). There is, however, very little literature on viscous flow sintering of bioactive glasses, and none of which focuses on the viscous flow sintering of glass scaffolds in four dimensions (4D) (3D þ time). Here, high-resolution synchrotron-sourced X-ray computed tomography (sCT) was used to capture and quantify viscous flow sintering of an additively manufactured bioactive glass scaffold in 4D. In situ sCT allowed the simultaneous quantification of individual particle (local) structural changes and the scaffold's (global) dimensional changes during the sintering cycle. Densification, calculated as change in surface area, occurred in three distinct stages, confirming classical sintering theory. Importantly, our observations show for the first time that the local and global contributions to densification are significantly different at each of these stages: local sintering dominates stages 1 and 2, while global sintering is more prevalent in stage 3. During stage 1, small particles coalesced to larger particles because of their higher driving force for viscous flow at lower temperatures, while large angular particles became less faceted (angular regions had a local small radius of curvature). A transition in the rate of sintering was then observed in which significant viscous flow occurred, resulting in large reduction of surface area, total strut volume, and interparticle porosity because the majority of the printed particles coalesced to become continuous struts (stage 2). Transition from stage 2 to stage 3 was distinctly obvious when interparticle pores became isolated and closed, while the sintering rate significantly reduced. During stage 3, at the local scale, isolated pores either became more spherical or reduced in size and disappeared depending on their initial morphology. During stage 3, sintering of the scaffolds continued at the strut level, with interstrut porosity reducing, while globally the strut diameter increased in size, suggesting overall shrinkage of the scaffold with the flow of material via the strut contacts.
This study provides novel insights into viscous flow in a complex non-idealized construct, where, locally, particles are not spherical and are of a range of sizes, leading to a random distribution of interparticle porosity, while globally, predesigned porosity between the struts exists to allow the construct to support tissue growth. This is the first time that the three stages of densification have been
Introduction
Bioglass ® was the first synthetic material to form a chemical bond with human bone and soft tissue [1] . The composition of Bioglass 45S5 allows for local ionic dissolution of calcium, phosphorous, and silicon species, which stimulates bone formation through the upregulation of seven families of genes in osteoblastic cells [2] . This enabled NovaBone LLC (Jacksonville, FL) to obtain approval for the claim of 'osteostimulation' as a property of Bioglass from the Food and Drug Administration [3] . However, the development of threedimensional (3D) porous scaffolds for the regeneration of new bone tissue in load-bearing defects has been limited [3] .
The original 45S5 bioactive glass is produced via a melt quench processing method, where a molten viscous glass is rapidly quenched, most commonly by being poured into deionized water, to form a brittle glass frit; the glass is then ground to a fine powder for clinical use. To form a 3D construct for loaded bone repair from a bioactive glass, the glass powder is mixed with an organic binder, which is then shaped into a 3D architecture via casting, foaming, or 3D printing; this is referred to as a green body [4e6]. The green body is then sintered by heating it to above the glass transition temperature (T g ) to remove the binder and fuse the glass particles together via viscous flow sintering [7] .
The limitation of the original 45S5 composition is its sinterability [4] . 45S5 has a limited temperature window between its T g and the start of crystallization (T c ) [8e10]. If crystallization occurs [11] , it results in retardation of its dissolution characteristics [10] and, as a consequence, its bioactivity. Therefore, a compromise has to be met between producing mechanically robust scaffolds which are fully sintered and bioactivity; it is this issue that has limited the success of formulating 3D constructs from 45S5 for bone regeneration.
To be able to produce mechanically robust scaffolds, researchers focused on developing alternative glass compositions [12] by incorporating other cations, including those that also add additional therapeutic benefits [13] , or using alternative glass-forming systems such as borate [14e17] or phosphate [18, 19] . The 13-93 composition utilizes magnesium and potassium to extend its sintering window (54.6 SiO 2 , 22.1 CaO, 6.0 Na 2 O, 1.7 P 2 O 5 , 7.9 K 2 O, and 7.7 MgO, in mol%) to offer enhanced sinterability while maintaining bioactivity [20] . Fugerland et al. [21] investigated the thermal properties of 13e93 monoliths and particles of the size 300e500 mm and showed there was no overlap between the nucleation and growth domains in their thermographs, making it possible to heat the glass to 800 C before crystallization occurred. This enhanced thermal stability enables the use of fine particles during processing, which are relatively resistant to crystallization during sintering compared with other bioactive glasses [5,22e24] . Therefore, 3D scaffolds can be produced from the 13e93 composition via a variety of processing methods with various designed porosities and mechanical properties [5, 16, 17, 22, 24, 25] .
When producing 3D scaffolds with designed porosity, the aim is to sinter the individual glass particles into a continuous material while maintaining the overall 'designed' porous architecture. As the material sinters, if there is no net loss of material, its overall density increases, resulting in total volume shrinkage. This shrinkage should be predesigned into the scaffold architecture. The robocasting, or robocasting 3D printing process, allows for high volume fractions (>40%) of glass to be 3D printed in a layer-by-layer process which results in good sintering. Furthermore, the aligned strut geometries with linear pore connections allow for the material to be continuous in the z direction, which can withstand large compressive loads, making direct ink writing a 'go-to' technique for scaffold production [6] .
Sintering of glasses at temperatures above their glass transition temperature has been studied through theoretical and computational models [26e28], but only few experiments exist to validate these models. It is known that glass densification above the glass transition temperature is controlled via viscous flow due to the effects of surface tension and capillary forces [7, 29] . The theories that exist to explain this phenomenon are commonly based on 'perfect spheres,' whereas melt-derived glass powders are angular [30] . Recent work by Reis et al. [31] compared jagged angular particles with spherical particles during sintering of a MgOeCaOeSiO 2 glass. Their work supported previous studies showing that sintering rates of jagged particles are significantly faster than those of a spherical counterpart [32, 33] . Reis et al. [31] went further to present a model to measure the anisotropy experienced during sintering of the more angular particles, highlighting the importance of differentiating particle shape when studying viscous flow sintering.
To date, the most commonly used method to understand the sintering of glasses is to study changes in viscosity with temperature, by characterizing the glasses' transitions via isothermal or dynamic differential scanning calorimetry (DSC) [34e39] or hot stage microscopy [40, 41] . However, neither of these techniques provides insights into the morphological changes taking place at scales of the glass particles (local scale). Characterizing the sintering mechanisms of bioactive glasses has added complications because of their tendency to crystallize and the subtle changes in the thermal properties when measured by DSC. Crystallization during sintering can alter the viscosity of the glasses and the local chemistry, consequently affecting their ability to flow and coalesce at high temperatures [42] . Once glasses crystallize, the sintering mechanism changes from classical viscous flow to a grain growthebased mechanism.
Recently, microecomputed tomography (mCT) has been used to study the glass sintering behavior. Published work has focused on soda-lime-silica glasses because of their resistance to crystallization, well-characterized thermal properties, and readily available spherical powders at various particle sizes [43e47]. Villanova et al. [47] performed 4D X-ray tomography on in situ sintering of sodalime-silica glass particles. Their work discusses the limitations of the current theories surrounding sintering practice, suggesting that the classical Frenkel two-sphere sintering theory does not translate to the third dimension [47] . This conclusion is not surprising because it is well documented that the model has many limitations [48] , especially surrounding the exclusion of glass temperatureedependent viscosity and the Frenkel equation's reliance on Newtonian flow.
Here, for the first time, we use 4D synchrotron X-ray tomography to map the sintering of a 3D printed bioactive glass scaffold synthesized from the 13e93 composition. We report novel insights into the structural changes taking place (with a submicron voxel size) and present a visualization of how viscous flow sintering of bioactive glasses takes place in 3D constructs over time.
Methodology

Scaffold preparation
All materials were purchased from Sigma Aldrich (Dorset, UK), unless otherwise stated.
Bioactive glass 13e93 with nominal composition (mol.%) 54.6 SiO 2 , 22.1 CaO, 6.0 Na 2 O, 7.7 MgO, 7.9 K 2 O, and 1.7 P 2 O 5 was manufactured via melt quenching of silica (Prince Minerals, Stoke-on-Trent, UK), sodium carbonate, calcium carbonate, and phosphate [5] . Inks for 3D printing were produced from 25 wt% Pluronic F-127 (CAS: 9003-11-6), using a volume ratio of 47.5 vol% glass to Pluronic solution, with a glass particle size distribution ranging from 3.3 to 30.5 mm and D 50 ¼ 10.8 mm. Inks were mixed using a Thinky ARE-100 mixer, until homogenized. Scaffolds were then printed using a 3D robocaster (RoboCAD 3.0; 3D Inks, Stillwater, OK) with a 250mm-diameter cylindrical nozzle (Nordson LTD., UK) on to an overhead projector paper; 20 mm of ink was extruded (known as the 'lead-in') before scaffold printing to ensure flow was homogenous within the printed part. Both the lead-in and the scaffolds were printed at a speed of 4 mm/s. Printing was performed under humidity of 60e80% and at a temperature of 23 C (full details of printing protocol can be found in the study by Nommeots-Nomm et al. [24] ).
In situ X-ray tomography of sintering
In situ synchrotron X-ray microtomography was performed at the Diamond Manchester Imaging Branchline I13-2 of Diamond Light Source (DLS) [49, 50] . Fig. 1 shows a schematic of the experimental setup used. Bioactive glass scaffolds (1.8 mm Â 1.8 mm Â 1.8 mm) were sintered in the bespoke proportional-integralderivative-controlled 'Laura' furnace [51e54]. The scaffolds were glued on an alumina sample holder using a high-temperature glue (OMEGABOND 600; Omega LTD, UK). The alumina holder was then mounted on to a rotating spindle on the sample stage. Sintering was conducted via a two-stage process; the sample was heated to 500 C at a heating rate of 3 C/min for the first isotherm for 1 h (binder removal), followed by a ramp at 3 C/min to the sintering temperature of 700 C (glass sintering). Samples were held at this temperature for 2.5 h, and then the furnace was cooled.
X-ray microtomography was performed with a filtered 
Three-dimensional image analysis
Before the 3D image analysis, data were first processed following a similar methodology to that established in the studies by Lee and Hunt [59] , Chaijaruwanich et al [60] , and Jones et al. [61] . Processed images were then thresholded and analyzed for the surface area, strut diameter, strut-to-strut spacing, and intrastrut voids of the scaffolds. Full details on image processing and analysis performed can be found in the Supplementary Information S1.
Results and discussion
High-resolution synchrotron X-ray microtomography was used to study the 3D structural changes with sintering (4D) of a printed scaffold. Fig. 2 (a) and (b) show 3D renderings of the printed 13e93 bioactive glass scaffold before (green body state) and after sintering. The magnified image (inset of Fig. 2 (a) ) shows the particles within the green body were tightly packed enabling it to support the 3D printed scaffold structure during the sintering process. Fig. 2 (b and b-inset) shows the scaffold after sintering where almost complete sintering has been achieved. The once discrete particles coalesced together to form continuous struts which are bonded to each other at the intersecting junctions. Furthermore, with sintering, the surface of the scaffold struts becomes smooth. Fig. 2 (b) shows that there are several pores present within the struts, suggesting that the scaffold does not achieve 100% densification, as also eluded by the fracture surface scanning electron microscopy (SEM) images presented in Supplementary Information S2.
The in situ tomographic scans (single tomogram every 35 to 55 s) performed during the sintering cycles allowed for dynamic visualization of microstructural evolution in 3D and quantification of the changes. Supplementary Information S3 and S4 show videos of the morphological evolution on a plane through the entire scaffold (S2-global) and through a single strut (S3-local), visualizing scaffold densification and particle coalescence, respectively. As the glass is heated to above~650 C, the particles begin to merge and coalesce to form a denser solid by the reduction of surface area via viscous flow sintering [7] .
The morphological evolution could be quantified as a function of time and temperature by calculating the total surface area (Fig. 2  (c) ) and relative density of the scaffold (Fig. 2 (d) ). Fig. 2 (c) shows three distinct rate changes in surface area. This is very well correlated with the traditional three zones, or stages, that occur during sintering. Furthermore, the measured changes in scaffold density with time ( Fig. 2 (d) ) fall very well within these three distinct stages. Stage 1 is where initial necks are formed between the previously discrete particles; here, sintering is slow with a relatively small change in surface area and 5% increase in the relative density ( Fig. 2 (d) ). Stage 2 is the intermediate stage where the majority of sintering takes place. Here, the particles transform into a bulk material, where particles are no longer able to be resolved as individual ones and instead have coalesced into a continuous material via viscous flow. This is driven and quantified by the large drop in surface area (Fig. 2 (c) ) and 35% increase in relative density (Fig. 2 (d) ) of the glass. This change in densification across the scaffold is clearly visible in S3 and S4, occurring within a 16-minute window once the glass had reached 680 C.
The tempearture dependence of glass viscosity can be modeled by the MYEGA model [62] , which is deemed the most accurate method of determining the change in viscosity with temperature across the whole temperature range. Here, we used the data provided in the study by Fu et al. [63] for the 13e93 composition to plot the relationship of viscosity and temperature ( Fig. S2(i) ). It is reported that glasses do not sinter until their viscosities are below [64] , correlating to the data obtained with the MYEGA model [62, 63] in S2 (i); it can be seen that stage 2 sintering occurs once the viscosity had reduced to this value at~680 C.
Stage 3 is the final stage of sintering where, if energetically favorable, the isolated pores are removed from the glass structure [65] . Here, the measured relative density increased by a further 3% and a small drop in surface area. As the glass is heated and moves through these three stages, the viscosity is constantly reducing (S2 (i)) until the isotherm is met at 700 C. If the glass stays amorphous during sintering, the temperature-dependent viscosity of the glass will continue to facilitate flow and densification. The three defined stages are individually colored in each figure for easy identification throughout the article.
Upon completion of sintering, after 2.5 h at 700 C, the scaffold had a 98% relative density. The remaining 2% of the strut volume was occupied by isolated pores remaining in the scaffolds (Fig. 2(b) ). Fig. 2 (e) shows the change upon sintering in a small section of a scaffold strut with time and temperature of the two phases, glass and the interparticle pore, surface area (SA), normalized by their volume (SA/V). (Fig. S1 shows details on how sections were obtained.) As expected, the relative surface area of the glass, with respect to its volume, decreased throughout sintering. The total volume of glass remained constant throughout; hence, the decrease in the SA/V was driven by the reduction in the total surface area of the scaffold, i.e., densification via viscous flow. Once sintering entered stage 3, both the volume and surface area remained constant; therefore, a plateau was reached. The trends observed agree to the trends in surface area (Fig. 2 (c) ) of the whole scaffold and to the changes observed in relative density in Fig. 2 (d) . Fig. 2 (e) also shows the evolution of SA/V vs. time and temperature for the interparticle pores. While the total volume of the glass particles remained constant, the total volume of the pores within the struts decreased, so did its total surface area. Therefore, the surface area, averaged by its volume, gives an insight into the rates of densification/removal of the pores present. Before the start of sintering (at approximately 640 C), both glass and pores had similar SA/V (0.5 mm À1 ) because the 3D printed scaffolds had an initial solid packing of 47.5 vol%. At this temperature, both the glass and the pores were highly interconnected. Once sintering started, pore volume decreased with decreasing surface area. Within the plot, there was an increase in SA/V, suggesting that the rate of decrease in the total volume was higher than the reduction in surface area. At the end of stage 2 (temp ¼ 700 C, time ¼ 5 min), a spike in SA/V was observed, which then reduced to a plateau at 0.82 mm À1 . Morphological observations at these corresponding temperatures and times shed light on the mechanisms for this spike.
Rows A and B of Fig. 3 (B zoomed in region of the red square in A) show 3D sCT images of a child volume of a 13e93 bioactive glass strut at different sintering times and temperatures. A child volume is refferring to a sub-section of the original scaffold with a reduced volume. At 640 C (A1 and B1), individual particles of different shapes and sizes were seen; in particular, several large particles such as 'a' were observed with faceted surfaces remaining from the ball milling process (supporting particle size distribution and SEM image are in S2). Between temperatures of 640 C and 679 C (A2 and B2), very fine particles merged with neighboring larger particles and the faceted surfaces of the large particles became rounded (a in B2) [31] . The smaller particles have the largest surface-tovolume ratio and therefore flow at lower temperatures compared with the larger particles present. Furthermore, formation of necks, indicated by yellow arrows in B2, and ligament bridges between neighboring glass particles were also observed throughout. We saw no evidence of particle rearrangement during sintering.
The particle size range resulted in a non-uniform packing of particles throughout the green body, which resulted in nonuniform sintering during stage 1, with some areas 'flowing' preferentially depending on their inital particle size [65] . Particle size distribution and preferential sintering can alter local glass viscosities and the formation of interconnected pores between different sintering rates of the particles present [66] . At the end of stage 1, the larger particles were still recognizable. Fig. 3 (A3) and (B3) highlight the change in densification obtained at 700 C The prescribed sintering temperature is 700 C, determined experimentally in the literature for this glass composition [22] . At this temperature, all the glass particles within the size range used in this study should have enough energy for viscous flow. Here, defined as Stage 2, we saw formation of the densified struts with no individual particles remaining. This process is primarily driven by capillary forces and reduction in surface area. Therefore, at the macroscale, the scaffold sintered homogeneously, even though at a mesoscale, this was not the case. After 66 min at 700 C ( Fig. 3 A4  and B4 ), the strut surface was smooth and almost fully dense with some isolated pores left within the structure. This is supported by SEM images in S2 (e) (g). Comparing Fig. 3 (A1eA4) , it is evident that the overall diameter of the strut decreased with sintering. This supports experimental studies demonstrating that sintering of 13e93 scaffolds for 1 h at 700 C is effective [5, 22, 24] .
Rows C and D of Fig. 3 show the interparticle pore structural evolution within the same child volume of 13e93 bioactive glass strut as in Fig. 3 (A) . Fig. 3 (C1) and (D1) show the pore structure within stage 2 (2 min at 700 C), where the viscous flow was at its fastest. Here, the pores were still interconnected with a glass relative density of~75% (Fig. 2(d) ). After 8 min at 700 C (Fig. 3 (C1) and (D1)), which is at the end of stage 2 and a glass relative density of~95%, pores were no longer interconnected and were predominantly isolated into a few large pores and a large number of small pores. This coincides with the time at which the spike in Fig. 2 (e) was observed, suggesting that pore volume was decreasing faster Fig. 4 . Characterizing the evolution of pores from a small section of a strut of the 3D printed bioactive glass scaffold at (a) 8, (b) 10, (c) 17, and (d) 32 min into the 700 C dwell. Column 1 shows change in shape factor, 1 being spherical and 12 being nonspherical, with time and temperature. Column 2 highlights the evolution of two pores within the volume. Column i is non-spherical and is removed, and column (ii) is spherical and does not sinter. Their locations within the volume are highlighted by the red arrows in (a). The box and whisker plot (e) quantify the global evolution of pore sphericity under the same time and temperature parameters. Where e are the maximum and minimum values, x marks the 99% and 1% and square represents the mean. than surface area up to this point. Importantly, this observation informs that the rate of viscous flow sintering is fastest while the pores are interconnected, and once the pores became isolated, the sintering rate significantly reduces. Furthermore, this suggests that during stage 2, where >80% of overall densification takes place, pore removal is directed through the interconnected interparticle pore channels. Fig. 3 (C3) and (D3) show the isolated pore structure after 18 min at 700 C, where the small pores had mostly disappeared with only the large pores remaining. This corresponds to a decrease in the interparticle porosity, SA/V, in Fig. 2 (e) . This is expected because the smaller pores have a larger surface area per volume, and at this temperature, it was the small pores that were observed to disappear, reducing the total pore surface area significantly. After this time, very minor changes are seen to occur, with the pores remaining similar in size but becoming more spherical. Once the pores became isolated, i.e., when the interconnectivity of the pores was lost at the end of Stage 2, further densification would be via the solvation of the gas in the pore into the glass network or via an interplay of pore pressure, viscous forces, sintering forces, and gravitational forces. If the internal pressure of the pore is equal to that of the sintering forces, there is no driving force present to remove them. Therefore, the pores remain within the scaffold structure.
Once pores became isolated, it was possible to track their progression with time within the scaffold. Pores in this study are defined as the interparticle spaces (body of air) located within the struts themselves. Their volume decreased with sintering, and eventually some of the space becomes closed pores (trapped air) once interconnectivity of the body of air was lost. The local behavior of the pore space is also related to the local silicate network connectivity, which is not taken into account here, but could be in the future, perhaps in conjunction with pore diffusion simulations which take account of local glass network connectivity. Fig. 4 and S5 offer a few initial ideas into pore morphology and its dynamical changes with sintering once the pores become closed.
One way in which shapes, or in this case pores, can be characterized is by their sphericity or shape factor (mathematical correlation), which is explained in the supplementary information S1. The concept of sphericity was introduced by Hakon Wadell [67] in 1935 and has been used to track pore evolution radiographically and topographically [54] . This concept, widely used in geology, measures the degree of 'roundness' of an object. By definition, an object has sphericity near to 1 if it approaches a perfect spherical shape (J ¼ 1). This value allows us to quantify the 'spherical nature' of a group of pores within the scaffolds. Fig. 4 shows the evolution of pores from sintering for 8 to 32 min at 700 C for a small section of a strut. Fig. 4 (aed) show the pores color coded from red to yellow with increasing shape factor, where a shape factor (SF) of 1 (red) represents a perfect sphere and 12 (yellow) or greater represents an irregular morphology. This concept was used in this study to analyze and quantify pore evolution during sintering. With increasing time of the dwell at 700 C, once the pores have become closed, the pores become more rounded moving to the red end of the scale, reducing their surface area, tending to an SF value of 1 ( Fig. 4 (aed) ). This change is plotted in Fig. 4 (e) where the mean SF and its spread are seen to decrease with time while approaching 1.
Pores can form in scaffolds produced via direct ink writing for two reasons: air bubbles trapped in the ink during printing, which are transferred to the green body, or pores can be left because of the irregular nature of the glass particle packing in the green body. Once pores have become isolated at the end of stage 2, the only route of removal is for the gas inside to diffuse through the glass network itself. In ceramic or metal sintering, this diffusion process occurs through vacancies within the crystal structure [48] . Within a glass network, these vacancies in the classical sense do not exist. Gas solubility within glass networks has been studied and shown to give insight into the fundamentals of the glass structure such as the distribution of interstitial sites in the silicate network [68, 69] . Work on the Na 2 OeSiO 2 system showed that helium atoms can 'compete' with modifier ions such as sodium within the network, and it was hypothesized that oxygen can disassociate and travel through the oxygen subnetwork in the glass. To the authors' knowledge, gas permeability of air or any other gasses in bioactive glass structures has not been studied. We therefore hypothesize that owing to the more deconstructed nature of the bioactive glass networks, gas solubility would be higher than that of the more traditional glass systems.
Columns (i) and (ii) of Fig. 4 (aed) focus on two pores from the small section of the strut, both at approximately equal distances from the edge of the strut wall (as indicated by the red arrows) and with similar volumes (Supplementary Information S5) after 8 min at 700 C. Pore (i) was highly irregular in shape, with SF > 6, while pore (ii) was more rounded, with SF ¼~3. With increasing sintering time, pore (i) reduced in size, and after 32 min at 700 C, it completely disappeared. However, the size of pore (ii) hardly reduced and it remained within the glass throughout the sintering period.
This work gives the first 3D evidence that the sphericity of the pore dictates its ability to be removed during sintering. It is known from the study by Wakai [26] that the shrinkage and the rounding of pores are controlled by the hydrostatic and deviatoric components of the local sintering stresses, which are related to the local viscosity of glasses. As anisotropic pores shrink, our work shows that their anisotropy remains. For this to occur, diffusion of gas out of the pores must be faster than the flow of the glass into the pore as it shrinks; as, if gas diffusion was at a slower rate than the flow of the viscous glass, owing to surface tension, the pore would become spherical and not stay anisotropic [70] .
High-resolution in situ X-ray tomography allows observation of the microscale sintering mechanisms, and at the same time, we gain insights into the global nature of the sintering process at the macroscale. Fig. 5 (a) measures the evolution of the scaffold strut diameter and (b) the scaffold's designed pores 'longest diagonal length' with time and temperature. The average strut diameter after binder removal was measured to be 256 ± 3 mm, which corresponds very well with the diameter of the nozzle used for printing, which was nominally~250 mm. Once sintering began, a reduction in the strut diameter through sintering stages 1 and 2 was observed, where the particles coalesced together and densified as previously discussed. A similar trend was observed for the 'longest diagonal length' between struts for stages 1 and 2 ( Fig. 5  (b) ). On entering stage 3 of sintering, the strut diameter had an average size of 210 ± 3 mm, which then increased at a steady state with prolonged time at 700 C. Within stage 3, the scaffold's 'longest diagonal length' decreased at a steady rate. The scaffold designed in this study had a woodpile structure, so the intersections of the struts created points of relatively high angle boundaries, similar to that of a particle-particle neck. Therefore, coarsening of individual struts ( Fig. 5 (a) stage 3) , at the global scale, to reduce surface area, will drive an isotropic reduction of the scaffold size ( Fig. 5 (b) stage 3) [65] . It is interesting to note that the coarsening at the global scale is dominant only at stage 3, while coarsening at the local scale was dominant at stages 1 and 2. This suggests that there is a hierarchical order in driving force for reduction in surface area starting at the intrastrut, small particles (stage 1) followed by large particles (stage 2), and then there is a switch to global interstrut densification.
Scaffolds for bone repair are designed so that open interconnected porous channels exist to facilitate growth and repair of tissue in vivo. As shown by the small error bars in Fig. 5 , the shrinkage of the designed pore geometries in 3D across the scaffold was uniform. This study allows the shrinkage of predesigned pores in bioactive glass scaffolds to be precisely calculated as a function of sintering temperature and time to obtain the desired porous 3D structure and consequent mechanical properties. Therefore, the ultimate goal of being able to make on-demand patient-specific scaffolds with designable geometries and pore spacings is achievable.
Conclusions
In situ viscous flow sintering of a bioactive glass scaffold of the 13e93 composition in 4D was studied using high-resolution synchrotron X-ray microtomography. The rates of sintering measured as surface area vs. time and temperature matched very well to the three sintering stages. The morphological evolution both at the local and global scales with time and temperature provided novel insights into the mechanism of particles coalescence and pore evolution within the glass during sintering and the designed porosity within the 3D scaffold. Results show that during Stage 1, particles lose their faceted morphology, becoming more rounded in nature with ligands and necks forming between adjacent particles while smaller particles flow and merge into larger particles. Within Stage 2, the bulk of densification takes place within a window of 16 min once the critical viscosity was reached. Here, the discrete particles coalesce to form dense struts while the interparticle porosity is removed through the connected spaces between the particles. The end of Stage 2 is marked by the remaining pores within the glass strut becoming isolated. In Stage 3, at the local scale, removal of the remaining isolated pores within the struts takes place. This was dependent on their shape, with anisotropic pores being removed and rounded pores becoming more spherical and stable. Furthermore, during Stage 3, a switch from local to global densification takes place, where the interstrut porosity begins to reduce.
This study has shown the power of synchrotron X-ray tomography further the understanding of viscous flow in a complex nonidealized model, where particles are non-spherical and both predesigned (global) and non-designed (local) porosity exist within the scaffold itself. This study provides morphological evidence for several of the predicted models of viscous flow sintering and new insights into the mechanism of densification at the local and global scales. This is the first time that these two scales of local and global densification in a porous sintered glass have been reported.
